A cell physiometry system is described for characterizing and separating cells, and performing cell-based assays, using dielectrophoresis (DEP). Cells, or mixtures of cells, are suspended in a chamber containing an array of microelectrodes located on the chamber's bottom surface. A sequence of radio frequency signals is automatically applied to the microelectrodes, and images of the DEP-induced motions of the cells are captured and analyzed to determine a characteristic parameter known as the DEP cross-over frequency. Once a cell population has been characterized in this way, the same apparatus can be used to selectively isolate cells for additional biochemical, physical, or genetic analysis. Biochemical labels or bioengineered tags such as fluorescent markers or antibody-coated beads are not required. Cell separations are achieved by ''electronically tuning'' into the different cell types by superimposing different signal frequencies onto the microelectrodes, using both stationary and traveling wave DEP signals. Examples of separating different types of blood cell are given, together with descriptions of cell-based bioassays that monitor physiological changes that accompany trans-membrane signaling events, apoptosis, and the aging of cell cultures. ( JALA 2004;9:324-30) 
INTRODUCTION
The cell physiometry tools described here employ dielectrophoresis (DEP), which is an effect that can be used to characterize and sort native cells without the use of labels or tags. [1] [2] [3] The development of devices based on DEP provides new research tools for the biomedical sciences, and has a broad range of potential applications in drug discovery, diagnostics, and cell therapy. Examples of envisaged applications for DEP include automated sample preparation for immunoassays and nucleic-acid assays, 4 and as a method for the efficient filtration and concentration of target particles for high performance analysis of biological samples. 5 We have described 6, 7 the use of DEP as a non-invasive tool to track physiological changes that accompany trans-membrane signaling events and changes in cell life cycle, and as a method for separating leukocytes into pure subpopulations. In this article we provide further details of the apparatus and methods we use in our DEP investigations, and outline other potential applications.
DEP manifests itself as a movement of a particle when it is electrically polarized in a non-uniform field. The forces involved in this and related effects are well understood. 8, 9 DEP differs from electrophoresis because the particle need not carry its own intrinsic electric charge, and an alternating current (ac) rather than a direct current (dc) field is employed. For applied field frequencies up to around 5 kHz, the DEP responses of cells and bacteria are mainly influenced by surface charges associated with ionizable chemical groups on their surfaces, so that DEP can complement and enhance investigations using conventional electrophoresis measurements. For radio frequencies the DEP Keywords: dielectrophoresis, cell separation, cell-based assays, micro-electrodes behavior of a particle is associated with its dielectric properties, or in other words, the extent to which it stores and dissipates electrical energy when subjected to an electric field. For particles such as cells and bacteria, energy is stored in the form of induced charges at interfaces which define their structure (e.g., at membrane or cell wall interfaces) and energy dissipation mainly takes the form of ionic current flow around the cell surface and through the cytoplasm.
Extensive and validated studies have shown that different cell types, cells at various stages of maturation or proliferation, and diseased cells, exhibit characteristic DEP signatures associated with their distinctive morphologies, cellular structures and cell state (Refs. 1 and 3, and references cited therein). For example, an important dielectric parameter reflected in DEP behavior is the cell membrane capacitance determined by the effective membrane surface area. Morphological changes associated with membrane folding and ruffling, or the appearance of microvilli, can produce ten-fold or greater changes in the effective membrane capacitance. Such morphological changes often accompany changes in the physiological state and external environment of a cell (including exposure to toxic agents) and are events readily monitored by DEP. The passive electrical conductivity of the membrane is an important dielectric parameter that can be sensitively monitored by DEP. This conductivity is negligibly small for normal healthy cells, but can increase for diseased or dying cells.
DEP provides some distinct advantages over other cell sorting methods. Particles, such as cells and bacteria, can be characterized or sorted as a flux, 7 introducing a high degree of parallelism as opposed to the serial analysis of events using conventional cell sorting instruments such as FACS. Also, because we are dealing with intrinsic dielectric properties, DEP can be applied to native and unlabeled cells. This eliminates the expense, labor, and time of developing, validating, and applying biochemical labels or bioengineered tags such as fluorescent markers or antibody-coated beads to the target cells, although the use of such tags can be used to enhance DEP separation of cells with specific surface markers, for example. After their selective isolation and recovery by DEP, the cells remain viable for further analysis, processing, or cell therapy.
THE CELL PHYSIOMETRY PLATFORM
The DEP system shown in Figs.1 and 2 can perform cell characterization as well as cell sorting, and this versatility is achieved through specific programming of the electric fields imposed on the cells in the chamber, as well as by the design of the chamber, microelectrode arrays and associated fluidics. The microelectrodes can be fabricated either by photolithography 10 or excimer laser ablation, 11 and their design is aided by analyses of the electric fields and field gradients they generate (e.g., Ref. 9). The ''on-board'' electronics for generating sequences of ac voltage signals to the electrodes is computer controlled. An important facility of the system is computerized image analysis of the DEP response of large numbers of cells, and represents a significant improvement over earlier reported efforts. 12, 13 Proprietary software is used to determine the size and change of location of a cell, as well as an indication of its physical integrity.
Suspensions of cells can be profiled rapidly for their dielectrophoretic and other characteristics (e.g., cell adhesion properties). This can be achieved for a sufficiently large number of cells to take into account biological variability. As depicted in Fig. 3 , various structural and physiological aspects of a cell contribute toward its dielectric properties, and hence also to its DEP behavior at any particular frequency of the applied electric field. The instrument can monitor changes in the DEP behavior of cells in suspension, at the level of an individual cell if necessary, as the field is either uniformly swept or applied in discrete steps within the frequency range from approximately 5 kHz to 100 MHz. For frequencies below 1 kHz the polarizability of the electrical double-layer associated with charged groups on the cell surface can be a significant factor, and can result in the cell exhibiting positive DEP. The magnitude and frequency characteristic of this low frequency DEP response is influenced by the conductivity and pH of the suspending medium.
As the frequency is increased above 1 kHz, cells are typically repelled from the electrodes under the action of negative DEP, reflecting the fact that the outer membranes of viable cells act as resistive barriers to the passive flow of ions. As the frequency is increased further, the electric field begins to ''explore'' the conductive properties of the cell interior (cytoplasm), and the DEP force can reverse sense so that a cell is attracted by positive DEP to the electrodes. This transition occurs at the so-called DEP ''crossover'' frequency (fxo), and is a parameter that can be used to either characterize different cells or to track changes in the physiological state of a cell. This is also a significant parameter required to establish the conditions for the efficient separation of cells. Significant changes in the value of f xo can result from quite subtle changes in the physicochemical properties of a cell. 6 Above 10 MHz, the effective dielectric permittivity, rather than conductivity, of a cell controls the DEP behavior. Depending on the nature of the suspending medium and cell interior, the DEP response can once again reverse polarity with the cell experiencing a weak negative DEP force that pushes it away from the electrodes.
Aura's cell physiometry platform is also designed to monitor the motion and size of each cell suspended in the vicinity of a microelectrode array, and this is shown schematically in Fig. 4 . Images of the DEP-induced motions of the cells are usually captured at 30 frames/s, but this rate can readily be adjusted to accommodate the experimental conditions. The location of each cell can be continuously tracked, and a value for the diameter of each cell is obtained from the average obtained from the images collected over time, to an estimated accuracy of AE0.25 lm. The velocities of the cells are computed to an accuracy of AE0.1 lm/s or better, and these values are normalized with respect to the electric field strength and gradient generated by the microelectrode array. An example of the temporal response of a T cell, initially at rest on a substrate, to the application of a positive DEP force is shown in Fig. 5 . The instrument is primarily designed to determine the f xo value for each cell in a test sample, and is accomplished by interpolating the computed magnitudes and senses of the DEP-induced velocities to find the zero DEP force point in the frequency range that spans either side of the corresponding f xo value. The initial acceleration characteristics shown in Fig. 5 can also be used to monitor the effects of cell-substrate or cell-cell interactions, for example. 
CELL SEPARATIONS
Once a cell population has been characterized using the cell physiometry platform, the same apparatus (but usually with a changed microelectrode design) can be used to selectively isolate cells for additional biochemical, physical, or genetic analysis. This is achieved by ''electrically tuning'' into the different cell types by superimposing different signal frequencies onto the microelectrode array using both stationary and traveling wave DEP signals. An example of how cells can be characterized or sorted as a flux, instead of by a serial analysis using conventional cell sorting instruments, is shown in Fig. 6 Figure 7 . Cumulative DEP crossover frequency (f xo ) values for T-cells and monocytes obtained from two human donors (P1 and P2). Each plot was obtained for at least 500 cells in an isotonic medium of conductivity 40 mS/m. The biological variability between donors is much less than the difference in DEP properties between the two cell types.
for the case of diluted whole blood. The possible separation of leukocytes into pure subpopulations is an important objective. What are the achievable levels of selectivity, purity and efficiency? Is biological variability an issue? Data such as that shown in Fig. 7 are instructive in answering such questions. Fig. 7 shows the cumulative DEP crossover frequency (f xo ) values for T-cells and monocytes obtained from two human donors. Each analysis comprised at least 500 cells suspended in an isotonic medium of conductivity 40 mS/m. As can be seen from Fig. 7 , biological variability between donors is much less than the difference in DEP properties between the two cell types. Further details of the traveling wave technique and examples of the cell separations that have been achieved are described elsewhere (e.g., Ref. 7). 15 and is currently being prepared for full publication.)
OTHER VALIDATION STUDIES
We have also ascertained how the instrument can be used as a noninvasive tool to follow physiological changes that accompany trans-membrane signaling events and changes in cell life cycle. An example is shown in Fig. 8 for human leukemic T-cells (Jurkat E6-1) stimulated using phorbol myristate acetate (PMA) and ionomycin. The observed DEP changes between the control (unactivated) and activated Tcells can be understood in terms of a reduction of membrane topography (e.g., extent of microvillii and membrane folding) and to a reduction in the percentage of S phase cells. 6 This demonstrates an example of an application where the cell physiometry platform can be used to analyze cell cycle population kinetics.
Another application is in the need for rapid and low cost assays to detect and quantify apoptosis (gene-directed selfdestruction) in cell populations. The study of programmed cell death is a topic of intense research interest, and has led to new strategies for drug discovery and cancer therapy. The fact that membrane dielectric changes accompany induced apoptosis of cultured HL-60 cells has been demonstrated by Wang et al., 14 and we have made extensive studies of this using our cell physiometry tools. 15 Figures 9 and 10 show the changes in f xo and cell radius for human T lymphocytes (Jurkat E6-1 cells) following treatment with the apoptosisinducing chemical etoposide. Analysis of this data reveals the existence of several physiometric events. Within 2 h of etoposide treatment the majority of cells become slightly larger, and a number of smaller cells (apoptotic cells) appear. Another subpopulation of cells of increased size also appears, with characteristics of dying cells. The data also shows that the number of apoptotic cells, as validated by the Annexin V assay to detect externalized phosphatidylserine, increases with time and their f xo values indicate that a reduction (smoothing) of their membrane topographical features has also occurred. The observed shift with time of f xo to higher frequencies for the dying cells is consistent with their plasma membranes becoming increasingly rough and also physically degraded (i.e., loss of ability to act as a barrier to passive ion transport).
Finally, control experiments that use well-characterized cell lines are an important aspect of our validation studies. The genomic and proteomic profiles of cultured cell lines can shift significantly with time, tending to favor cell variants more able to adapt to the relatively alien environment of a typical cell culture medium. This can influence conclusions regarding the genomic and proteomic profiling of cells, and confound cell-based drug discovery or stem cell studies, for example. We have found that the viability of cell cultures used in our studies can be monitored more sensitively by DEP than using standard cell biology protocols. 16 An example is shown in Fig. 11 for the case of JCam cells (Jurkat-derived mutant cells defective in the p56lck kinase). These cells were batch cultured according to standard procedures (using RPMI 1640 (Gibco) supplemented with 5% fetal calf serum, 50 units/mL penicillin, 50 lg/mL streptomycin, 2 mM L-glutamine, 1 mM pyruvate) and periodically tested for their DEP properties. From Fig. 11 it can be seen that a relatively rapid change in the dielectric properties of these cells occurred in the first 48 days of testing of the culture. These changes were most likely related to subtle changes in the morphology of the cells, but could not be quantified by any obvious changes identified using standard cell biology techniques. On a few occasions, by monitoring their DEP characteristics, we have been alerted one or two days in advance of obvious cytological evidence of contamination or loss of a cell line.
